Abstract-A nominal 10.5-kW (3-ton) open-cycle liquid desiccant d ehumidification system has been design_ ed, installed, and successfully operated at the Solar Energy Applications Laboratory, Colorado State Umvers1ty. Packed bed units were used to dry the air in the dehumidifier and to concentrate the desiccant _m the regenerator. Liquid distribution in the regenerator was studied for two systems: a gravity tray d1stnbutor, and a spray nozzle system. Higher capacities ( 40-50% mcrease) and . lower pressure drop ( 30-40% reduction ) for the air flow were observed with the spray system. Coohng capacities of 3.5-14.0 kW ( 1.0-4.0 refngerat10n tons ) were achieved for both the regenerator and dehumidifier. Funct10nal relat1onsh1ps correlatmg.the independent variables to the rate of vaporization in the regenerator and rate of condensation m the dehum1~fier were obtained by statistical analysis of the experimental data. These studies thus proVJ~e data and .correlations useful for design guidance and performance analysis of similar open-cycle hqu1d desiccant coohng systems, particularly for the liquid / vapor contact units.
INTRODUCTION
The required cooling load and available solar energy being in phase (in contrast to heating loads) , makes solar an attractive energy source for cooling of buildings. Desiccant cooling systems using solar as an energy source have potentially favorable economics for humid climates where the solar heating equipment can provide useful energy for cooling, heating, and domestic hot water supply across the entire year. The ability of desiccant systems to use air at moderate temperatures as the working fluid makes them particularly attractive. Moreover, air-based desiccant systems do not have to be hermetically sealed, and are adaptable to applications with high ventilation loads. In these systems, air is conditioned by dehumidification to reduce the latent load which can then be followed by a variety of heat exchange and evaporative cooling which reduces the sensible load.
A liquid desiccant cooling system using solar energy was first suggested and studied by LOf[ 1] . This earl y liquid-desiccant research used triethylene glycol as the desiccant and solar heated air to regenerate the desiccant. It was found to be economically attractive but had the problem of triethylene glycol migrating into building space. A later study identified a system using dehumidification in conjunction with sensible cooling to be promising for humid climates [ 2] . Johannsen [ 3 ] has reported a glycol system in which the weak solution is regenerated in the solar collector itself.
Lodwig [ 4] tested a liquid desiccant air conditioner using hot water from flat-plate solar collectors to power a Niagara " Hygrol" system. Robison [ 5] designed a system with a maximum capacity of 17.5 kW (5 tons), and used triethylene glycol as the sorbent. Because of the high loss oftriethylene glycol, it was suggested that * !SES member.
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an aqueous solution of calcium chloride be used as the desiccant [ 6] .
A system employing calcium chloride and water as the desiccant has been reported by Mullick and Gupta [?] . The calcium chloride-water solution has been regenerated in a collector-cum-regenerator and the results analyzed by Gupta and Gandhidasan [ 8] .
Turner proposed a solar-powered liquid desiccant system in which a portion of the dehumidified air is used to produce chilled water by evaporative cooling [ 9] . An absorber design was proposed and mathematical models of heat and mass transfer were developed by Peng and Howell [ 10] . Several other regenerator designs have also been proposed and models developed [ 11] . The concept of an " air moisture removal effectiveness" for an adiabatic counterflow packed tower dehumidifier has been discussed by Ullah et al. (12] .
The regeneration of the desiccant by solar energy imposes a constraint on the maximum capacity that can be attained. Considerable research has been conducted on the means of achieving highest mass transfer rates in the regenerator alone. An open-cycle absorption unit operated in the Soviet Union had the regenerator mounted on a sloping roof over which dilute absorbent solution trickled, and was concentrated by solar radiation [ 13] . Studies have also been performed on the regeneration oflithium chloride brine in a solar still ( 14] . More recently, lithium chloride and lithium bromide have been concentrated successfully in countercurrent packed bed columns [ 15, 16, 17] .
There have been relatively few experimental studies ofliquid desiccant systems using solar energy. An entire system using lithium chloride as the desiccant has been built and used to provide air conditioning of a house ( 18] . A liquid desiccant loop has been incorporated into the air conditioning system of the Science Museum of Virginia ( 19] . A 10.5-kW ( 3-ton) nominal capacity air conditioning system using triethylene gly- col has also been tested [ 20] . The effect of regeneration temperature and concentration on the coefficient of performance has been determined experimentally by operating the above system in a decoupled mode [ 20] . For the present study, an experimental liquid desiccant cooling system has been constructed to obtain and analyze data under closely controlled conditions. Our primary objectives in carrying out this research included investigating system design and operating conditions giving highest vapor transfer rates at minimum pressure drop for both the dehumidifier and regenerator units. These studies should thus prove useful in evaluating theoretical models of liquid desiccant cooling systems.
EXPERIMENTAL SYSTEM DETAILS
The experimental aqueous lithium bromide-based system employed in our studies is shown schematically on Fig. I . A brief description of this experimental system is given below, and a more detailed description is given elsewhere [ 22] .
The regenerator is a Fiberglas tower having a diameter of 81 cm and a height of 200 cm. Tripack No. I /2 polyethylene spheres (an efficient, low ilP packing) are used as the packing material and the height of the packed bed were typically 40-28 cm. Dilute salt solution from the dehumidifier, after passing through the economizer, flows into the packed bed regenerator at the top of the tower. The solution was distributed at the top of the packing by a tray in earlier runs, and by nozzles in later runs. Air from the collector flows countercurrent to the solution. Liquid entrainment is minimized by passing the air through a mist eliminator before exiting at the top of the tower. Hot air to the regenerator is provided by a flat-plate solar collector array having a total area of 55 .7 m
.
In the dehumidifier section of the liquid desiccant experimental system an electric steam humidifier is used to simulate conditions of high humidity. Auxiliary heat is also supplied by three electric strip heaters to maintain a constant air temperature to the dehumidifier. The dehumidifier is similar in dimension and construction to the regenerator unit. Concentrated solution from the regenerator passes through the economizer and the cooling unit before entering the dehumidifier, as shown in Fig. I .
An economizer is used to recover heat from the hot solution exiting the regenerator, by exchanging heat with the cooler solution from the dehumidifier. After passing through the economizer, the warm solution is further cooled by water in a four pass, shell-and-tube heat exchanger. Water is supplied to the heat exchanger from a cooling tower which has a rated capacity of 28 kW (8 tons) .
Instrumentation for the experimental liquid desiccant cooling system is also shown in Fig. I . Only macroscopic measurements are available; hence, measurements of film thickness, concentrations, temperatures, and humidities are not made within the packed bed regenerator and dehumidifier themselves. Temperatures, voltages, and dew points are recorded directly on tape using a Fluke model 2240A data acquisition system. System components such as pumps , .. • kg/ (s-m 3 bed log mea n driving force).
and blowers were chosen on the basis of availability, cost and flexibility, and are thus not optimum as regards power requirements for these evolving experimental studies. [ 16] have been concentrated in packed columns having tray liquid distributors. A maximum capacity of6.7 kW ( 1.9 refrigeration tons) was obtained in these early regenerator studies. A prime objective of the present study was therefore to improve heat and mass transfer in the packed bed by designing a more efficient liquid distribution system. Because the parasitic power requirement is proportional to the air pressure drop through the packed bed, it was important to ensure low pressure loss with the new liquid distribution system. Since the gas side pressure drop was to be kept to a minimum, a spray system was sought to provide higher mass and heat transfer at low blower power requirements. In the regenerator, a spray system was designed to distribute the solution over the packing. Due to the difficulties in describing mass transfer in the spray droplets in a generalized manner, no effort has been made to separate mass transfer occurring in the spray droplets from that occurring in the packed bed. Mass transfer coefficients are therefore reported per unit volume of packing (neglecting the mass transfer and surface area provided by the spray droplets).
3. 1.2. Mass transfer studies. The performance of the regenerator, operated in a decoupled mode, was studied under the following ranges of operating conditions, for both the tray and spray distribution systems: Tables 1 and 2 summarize data for the tray liquid distributor and the spray nozzle system, respectively. These data show that the capacity of the regenerator increased from a maximum of 6. 7 kW ( 1.9 tons) with the tray distributor system to 10.5 kW ( 3.0 tons) with the nozzle system. Similar increases in the mass transfer coefficients are observed with the spray system.
It was not possible to isolate and study the effect of any single variable independently in these studies; this was primarily due to the difficulty in maintaining some ambient-dependent variables constant. To obtain a measure of the relative dependence of the evaporation rate on these variables, the data were thus subjected to multiple regression analysis for variables known to have a potentially important effect on mass and heat transfer. Functional relationships correlating the independent variables to the evaporation rate were obtained for both the tray and spray configurations. Since the solution is recycled from the sump of the regenerator, the solution temperature approaches its adiabatic saturation value, and thus the solution temperature is not an independent variable. The air flow rate is not included in the statistical analysis because it remained fairly constant through all runs. The correlations obtained for the evaporation rate in the regenerator are Spray nozzle system M , = 7.58• 10 4 (Ta)l. • Our geographic location and present equipment configuration did not permit operating at higher inlet humidities. However, using house air for regenerator inlet air would fall in our humidity range. We plan to study higher regenerat10n in let air absolute humidities in the future. For the tray liquid distributor, the correlation shows somewhat greater dependence on the air inlet temperature and solution concentration than on the air inlet humidity and solution flow rate. The stronger dependence on the solution flow rate suggests that spray nozzles are more efficient when operated at conditions around the design point.
The stronger dependence of the evaporation rate on the air inlet humidity for the spray system may be explained in the following manner. Due to the in- creased mass transfer occurri ng wit h the spray system, the absolute humidity ratio of the air is higher at any point within the packed bed when compared to the tray distributor system. In other words, for the same inlet humidity ratio, the condition of the air is closer to equilibrium within the packed bed with the spray system than with the tray distributor. This decrease in driving force for mass transfer in the spray system results in a greater dependence of evaporation rate on the air inlet humidity. From earlier studies on the performance of the regenerator, it is known that the relative resistance of the liquid phase is 70-80% of the total overall resistance [ 16 ] . For this reason, both correlations exhibit a relatively high dependence on the solution concentration. In the spray nozzle system the liquid stream is broken into tiny droplets. When compared to the tray distributor, where solution flows by gravity in thin streams, the fine droplets formed by the spray system offer less resistance to mass and heat transfer on the liquid side. Consequently, the evaporation rate is likely less sensitive to solution concentration with the spray system. The effect of air inlet temperature on the capacity for the two distribution systems is not very well understood. As explained earlier, due to the recirculation of the solution, the solution inlet temperature approaches its adiabatic saturation value. This solution inlet temperature is thus a function of the air inlet temperature. Also, due to higher evaporation rates at high air temperatures with the spray nozzle system, the inlet solution temperature is lower. The increase in solution viscosity at these lower temperatures affects the performance of the spray system (and the packed bed) more adversely than for the tray distributor system. The two opposite effects occurring due to high air inlet temperatures, that is, higher mass transfer, but lower inlet solution temperatures (higher viscosity) likely result in a lower dependence of evaporation rate on the air inlet temperature, in the case of the spray nozzle system. 3.1.3. Pressure drop studies. Pressure drop for air flow through the packed bed regenerator was studied and compared for the tray liquid distributor and spray nozzle systems. Air pressure drop was measured by a Dwyer micromanometer. In the tray distributor system the total pressure drop was the loss over the packed bed, the tray distributor, and a thin demister. In addition to the packed bed, the much larger mist eliminator contributed to the total pressure drop in the spray system.
Results of these pressure drop studies are presented in Tables 3 and 4 . When the regenerator was operated in a dry mode (no solution flow) , the total pressure drop was slightly higher for the spray system, due to the pressure loss across the mist eliminator. The tray distributor did not offer as much resistance to the air flow in the dry mode. But when the bed was irrigated, the total pressure drop was higher for the tray distributor system; this happens because the pressure loss across the mist eliminator remains fairly constant for both dry and wet modes of operation. However, the pressure loss across the tray distributor was much higher in the wet mode, since the solution impeded the flow of air through the orifice openings in the tray distributor. Our pressure drop data show very reasonable power requirements for the air side (about 0.1 HP for each column), and thus that our system is a reasonable alternative to compressor-based systems.
Dehumidifier operation (decoupled mode)
The packed bed dehumidifier was operated in a decoupled mode . to study its performance under various conditions of solution and air temperatures, solution and air flow rates, solution concentrations, and air humidities. In a decoupled mode, dehumidification of the air stream results 'in a gradual decrease in the solution concentration as a run proceeds. After dilution to a concentration of 45-47 percent by weight LiBr, the solution was transferred to the regenerator, where the concentration was brought up to the desired level (58-60 percent by weight LiBr). The heat generated in the solution during dehumidification was removed Tables 5-7 summarize the performance of the dehumidifier for varying conditions. During the course of these runs the solution flow rate, concentration, temperature and air flow rates were set at the desired values, while the air humidity and temperature depended on the prevailing room conditions. Condensation rate was used as the criterion of performance.
Dehumidifier performance at three solution inlet temperatures is shown in Table 5 . At each temperature 
* kg/(s-m 3 bed log mean driving force).
the performance was monitored at several concentrahumidifier. Therefore, the humidity a nd temperature tions; these runs show that dehumidifier capacity was of the air entering the dehumidifier could not be set at not strongly affected by the solution inlet temperature any desired value. Moreover, steady-state conditions over the range of conditions run. H owever, at low so-could not be achieved due to the continuous decrease lution concentrations the condensation rate decreased.
in solution concentration . Hence, it was not possible Table 6 shows dehumidification results at three differ-to isolate and study the effect of any one variable inent solution flow rates. Capacity of the dehumidifier dependently in these initial decoupled dehumidificais seen to decrease with a loweri ng of solution flow tion studies. The dependence of condensation rate on rate. Table 7 shows that condensation rate in the de-six independent variables complicates the situation humidifier is not affected greatly by a ir flow rate.
further. To obtain a measure of the relative dependence The steam humidifier and the duct heaters were of condensation rate on these variables, the data were not operated during these initial runs. Water was then subjected to multiple regression analysis. A power sprayed in the regenerator and the warm and humid law correlating the independent variables was obtained air exiting was used as the inlet air suppl y to the de-by use of statistical software [ 2 1] . • kg/(s-m 3 bed log mean driving force).
The correlation obtained on the performance of the dehumidifier is This correlation was obtained for the range of variables given earlier in this Section 3.2.
The number of data points used in the regression was 252, and the model fitting results and analysis of variance for the full regression are available elsewhere [ 22] .
The dependence of condensation rate on a given variable was again obtained from the regression equation by holding all except one variable constant and plotting the results. Unless otherwise shown in the plot, the variables were maintained at the following conditions: The effects of these variables on the condensation rate are discussed in detail below.
3.2. l Air flow rate. The air flow rate was varied between 0.65-0.95 kg/s. From earlier studies [ 15] it is known that the relative resistance of the liquid phase is 70-80% of the total overall resistance. For this reason, it is likely that the capacity of the dehumidifier would not be appreciably affected by air flow rate, as is shown in Fig. 6 . Figure 7 shows a decrease in capacity at lower liquid flow rates. This can be explained in the following manner. First, a lower solution flow rate adversely affects the wetting of the packing, thus reducing the area available for mass transfer between the two phases. Second, the heat effects occurring during dehumidification, namely, sensible heat transfer from the air stream and heat of condensation and dilution, result in a higher liquid exiting temperature, and lower driving force for mass transfer. Moreover, effectiveness of a spray system decreases when operated at conditions away from the design point (at lower flow rates).
3.2.3 Air inlet temperature. The capacity of the dehumidifier was found to depend strongly on air inlet temperature, as shown on the plot of condensation rate versus the air inlet temperature in Fig. 8 . At higher air inlet temperatures, more sensible heat is transferred to the liquid stream. This results in higher liquid temperatures and rise in interfacial equilibrium humidity. The driving force for mass transfer thus decreases and consequently reduces the capacity of the dehumidifier.
3.2.4 Air inlet humidity. Figure 9 shows a plot of the condensation rate against air inlet humidity, predicted by the correlation. A higher inlet air humidity provides a greater driving force for mass transfer which results in the higher observed condensation rates. The condensation rates at two different air inlet temperatures are shown on the same plot. As explained earlier, at lower air inlet temperatures, the sensible heat transfer to the liquid stream is reduced, and/or the sensible heat transfer from the liquid to the air stream is increased, resulting in a higher capacity. tu re is shown in Fig. I 0. Although a decrease in solution concentration and an increase in inlet solution temperature both tend to increase the interfacial humidity, the dehumidification capacity does not show a high dependence on the solution inlet temperature. This result is likely because heat generated in the dehumidification process (heat of condensation and dilution) affected the temperature of the solution. A lower solution inlet temperature will result in higher condensation rate in the upper part of the column, leading to a greater temperature increase. Moreover, a lower so- solution inlet temperatures is shown on Fig. 11 . At lower concentrations the interfacial humidity of the liquid is greater. Also, at lower concentration the interfacial equilibrium humidity increases more rapidly with temperature (Fig. 12) . The driving force for mass transfer is thus reduced substantially which results in lower condensation rates at lower solution concentrations.
CONCLUSIONS
We have designed, installed, and operated a nominal 10.5-kW open-cycle liquid desiccant dehumidifi- cation system which utilizes aqueous lithium bromide as the absorbent. Performance of the regenerator has been evaluated for two types of liquid distribution systems-a gravity tray distributor and a spray nozzle system. Higher capacities ( 40-50% increase) in the regenerator were obtained with the spray system. Statistical analyses of data suggest that due to higher mass transfer the regenerator capacity has a stronger dependence on the air inlet humidity ratio for spray as opposed to tray distribution of the liquid. Pressure drop studies indicated that lower pressure losses (30-40% decrease) are encountered with a spray system (in- eluding a mist eliminator) than for a tray liquid distributor. A functional relationship correlating the independent variables to the rate of condensation for decoupled dehumidifier operation has been obtained by regression analysis of experimental data. This correlation indicates a strong dependence of the dehumidification rate on solution concentration, flow rate, air inlet temperature, and its absolute humidity. Relative temperature of the air and liquid streams in the dehumidifier appear to be important in determining achievable maximum ca- pacity. Temperature profiles of dehumidifier liquid and air streams indicate that sensible heat transfer can occur in both directions, to or from the liquid stream. Our experimental studies should prove useful to others in the design, analysis, and modeling of liquid desiccant cooling systems. Although it is tempting to treat systems such as that described in this paper by simplified methods, such as assuming air-side control of mass transfer (true for pure liquid phases) , our results suggest that such simplified methods could lead to substantial error. With the highly concentrated, vis- cous salt solutions employed in many liquid desiccant cooling systems, only double-resistance film theory seems reasonable, and is communicated via appropriate mass transfer coefficients. We are continuing our studies to better define these liquid desiccant cooling systems, which should lead to better understanding (first cost, parasitic power, etc.) of their potential and limits relative to other approaches.
